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I. INTRODUCTION
W AVELENGTH division multiplexing (WDM) is an emerging technology that enables providers to significantly increase transport capacity while leveraging existing fiber-optic equipment. Erbium-doped fiber amplifiers (EDFAs) are a key enabling technology for WDM communications because they provide the necessary gain to overcome fiber attenuation across all information channels.
The response of EDFAs to nonperiodic changes in the power of input channels (due to channel add-drop, network reconfiguration, fiber cuts, or packetized traffic) has been the subject of much recent research [1] - [3] . Due to changes in the input power, the gain excursion in an EDFA leads to the occurrence of wide swings in the output power and output optical signal-to-noise ratio (OSNR) [4] - [6] . Moreover, the gain of an EDFA is, in general, wavelength-dependent, which leads to different gains among WDM channels. Hence, signals traversing a cascade of several amplifiers will experience an increasing OSNR spread among channels. Different equalizing schemes [7] - [10] have been suggested to overcome this effect.
As for any system, the determination of EDFA chain parameters that ensure optimal functioning is among the coveted objectives of the design procedure. It is within this framework that we propose to optimize the parameters of a cascade of EDFAs over a point-to-point link, the objective being to guarantee identical quality of service among channels. To achieve that, we present a novel equalizing method which combines signal preemphasis with unequal amplifier parameters to achieve perfect output OSNR equalization at the end of the EDFA chain without resorting to any internal optical equalization of EDFAs. This method is suitable for a chain of single-or double-stage EDFAs. Finally, simulations are used to examine the performance of the equalized point-to-point amplified link when the input WDM channels carry burst-mode packetized data traffic with high variability in the burst duration.
The paper is organized as follows. An overview of the reservoir behavior (with and without clamping) is presented in Section II, followed by an introduction to our optimization procedure. In Section III, we present a more complete formulation of reservoir equation in cascade configuration. Section IV describes a detailed analytical description of our optimization procedure to achieve equalized OSNR at the end of a cascade over all WDM channels. Relevant numerical results are presented and discussed in Section V. Finally, the main findings of the paper are summarized in Section VI.
II. PRINCIPLES AND METHODOLOGY
Among the most important characteristics of EDFAs for WDM applications is a gain profile that is not flat over the required wavelength range. Therefore, factors such as the number of WDM channels, their input powers, or the network utilization factor influence significantly the design of optical 0733-8724/01$10.00 © 2001 IEEE networks, in general, and the determination of EDFA parameters, in particular.
An EDFA can be modeled as a dynamic nonlinear system with only one state variable: the total number of excited ions in the amplifier, known as the reservoir [11] . The reservoir is defined by , where is the fraction of population in the metastable level, is the length of erbium-doped fiber (EDF), and is the Er -ion density in the doped fiber core of effective area .
Any modification of the total input power of WDM signals is reflected in reservoir dynamics. If some channels are not present for a certain time, following one OFF period in bursty traffic or the interruption of one or more WDM channels, the total EDFA input power decreases. From a system perspective, the removal of input fluxes under constant pump conditions will lead to a rising reservoir level. Conversely, if some channels are added or switch to an ON period, the total input power increases and the reservoir falls. EDFA gain fluctuations are a direct consequence of such reservoir variations [12] .
All-optical gain clamping (AOGC) has been suggested to combat gain variation and to reduce the excursion of output powers and OSNR along an EDFA cascade [13] , [14] . In the first EDFA, an all-optical feedback loop is implemented in a ring laser configuration. Such a setting creates a lasing signal that is responsible for the assimilation of reservoir fluctuations in the clamped EDFA.
In fact, if the reservoir level of the AOGC EDFA increases following the dropping of some channels, the laser gain grows. This causes an increase in the outgoing flux from the reservoir. Due to the feedback loop, such an output flux rise implies a corresponding increase in the input lasing power, and, hence, a decrease in the reservoir that counters the original increase. The reservoir is, therefore, ultimately stabilized at its steady-state value . On the other hand, when the reservoir level decreases following the addition of some channels, the laser gain decreases. This implies a reduction in the overall output flux; hence, output lasing power falls. Due to feedback, lasing input consequently falls, and the reservoir increases toward its initial balanced value.
In a gain-clamped cascade, the lasing signal propagates along the cascade together with WDM signals. As a result of the clamping procedure, the laser power seen at the input of the remaining EDFAs compensates for any input power variation due to traffic fluctuations in WDM channels. Hence, the total input powers, and, consequently, the reservoirs, are stabilized all along the rest of the cascade.
The benefits of clamping clearly extend to all performance indicators in the WDM link. This work focuses on what is probably the most important from a communications system perspective: OSNR. Because OSNR is a tractable indicator of signal quality in preamplified direct detection, we use it as the determining criterion in our approach.
Our aim is, therefore, to obtain identical steady-state OSNR on all WDM channels at the end of the cascade by using a signal preemphasis and by determining the appropriate EDFA design parameters. Obviously, equalizing OSNR alone is no guarantee for the proper functioning of a WDM system. It is desirable to insure a minimal deviation of output power in order to have an identical receiver decision threshold for all channels. Our method includes a way to assure minimal output power deviation before adjusting OSNR to the required value.
The design method also assumes a basic point-to-point link that consists of a chain of single-or double-stage EDFAs separated by fiber segments represented by a given span losses. In addition, in order to reduce the effect of the nonflat gain profile, a preemphasis stage is included prior to the first EDFA, as illustrated in Fig. 1 .
The doped fibers of all the EDFAs in the chain are assumed to have identical physical parameters such as doping characteristics, and fiber dimensions, except for the doped fiber length. In the analysis, a typical Lucent Technology EDF has been considered. Finally, we suppose that wavelength allocation of WDM channels on the fiber link is fixed; hence, the number and position of wavelengths are given.
Our design parameters are, therefore: 1) EDFA inversion levels expressed by the value of the reservoir; 2) EDF lengths; 3) preemphasized signal powers (at the input of the cascade); and 4) EDFA pump powers.
Our design procedure consists of four major steps. 1) We determine the inversion level needed in each doped fiber to achieve minimal power spread among signal wavelengths. Indeed, an inappropriate inversion level can lead to a large interchannel spread for power and OSNR [6] , [7] . To determine the optimal inversion level, we take into account the fiber parameters (absorption and emission coefficients), the amplifier structure (singleor double-stage), and the position of signal wavelengths relative to the gain profile. Because EDFAs have the same doping characteristics, we expect to derive an identical optimal inversion level, corresponding to a minimal output power deviation, for all single-stage EDFAs. In the case of double-stage EDFAs, each stage has a distinct function [i.e., insuring a higher output power or a lower noise figure (NF)]; hence, additional objectives appear for each stage, as explained in the next section. 2) In order to achieve a balanced cascade, the th amplifier in the cascade must be able to recover the losses caused by the attenuation in the transmission fiber ( or ), coupling losses in directional couplers ( and in case of gain-clamped amplifier), and insertion losses of the amplified spontaneous emission (ASE) filter in case of a cascade of double-stage amplifiers ( ), as depicted in Fig. 2 . The wavelength dependence of transmission fiber loss was not taken into account. Due to the EDFA's nonflat gain profile, the balanced cascade criterion cannot be fully satisfied for all channels a priori. Therefore, a reference channel , generally in the middle of the WDM comb, is chosen. It is important to ensure that the output power at be equal for all EDFAs. Furthermore, that power must be as small as possible to ensure 1) minimal nonlinear effects during propagation in the fiber between successive EDFAs and 2) the smallest pump levels. The gain requirements for enable us to determine the EDF lengths.
3) Once the previous steps are accomplished, we determine the preemphasis input powers of individual WDM channels at the first amplifier in order to achieve flat output OSNR for all of the channels at the end of the cascade. We take into account the inversion level and fiber lengths determined as described above, as well as the nominal power level per channel (for example, 20 dBm, 10 dBm, 3 dBm, depending on network specification). 4) Finally, we determine the pump powers needed to achieve the chosen inversion level for the preemphasis input powers. The pump power is calculated supposing that all channels are ON. Preemphasis allows us to zero out the remaining discrepancy among channel gain (recall that the inversion level was already selected to minimize this discrepancy). Equalizing OSNR eliminates the effect of wavelength dependence due to EDFA absorption and emission coefficients over the wavelength range of WDM channels. Note that the above method is not limited by the architecture of EDFA (single-or double-stage), the number of amplifiers in the cascade, the number of WDM channels transmitted, the level of input power, and it can be optimized for any predetermined and suitable value of OSNR. The span losses between successive amplifiers can also be unequal.
III. RESERVOIR DYNAMICS IN A CASCADE OF AMPLIFIERS
The time evolution of the reservoir in the th amplifier depends only on its input fluxes. In other words, the number of excited ions depends on the input fluxes due to the pump power, the lasing power (in a clamped scenario), WDM channel powers, and ASE generated by the preceding amplifiers. Our analysis is based on the application of a simplified numerical model which calculates the time evolution of the total number of excited ions in the th amplifier. A two-level homogeneously broadened approximation of an Er ion is used. This enables us to describe the dynamics of the th reservoir by the following differential equation [15] : (1) where
• represents the indexes of the pump, the laser, the WDM channels, or the ASE frequency bins, respectively; • is the reservoir of the th amplifier; • is the spontaneous emission lifetime; • is the gain of the wavelength defined as with and where , , and are the confinement factor and the emission and absorption cross sections for the same wavelength ;
• is the input flux of the pump with where is the velocity of light and is Planck's constant; • is the input flux at the lasing wavelength; • with are the input fluxes of WDM signals at the wavelengths at the th amplifier; • with are the input fluxes of ASE spectral components created by the previous amplifiers, and defined by (2) • is the flux of ASE generated by the th amplifier at the th component of the ASE spectrum and given by (3) IV. DESIGN METHOD The proposed method will enable us to determine the following:
• the optimal length of each EDF;
• the WDM channel powers at the output of preemphasis amplifier, which allow a constant level of OSNR at the end of the cascade on all the channels; • the pump power of each amplifier;
• the optimal wavelength range for the gain clamping ring laser; • the excursion of the lasing power. This analysis will be carried out at a reference wavelength , for both single-and double-stage amplifiers.
A. Single-Stage Case 1) Determination of the Optimal Inversion Level:
The gain, at any wavelength, is directly related to the emission and absorption coefficients, level of the reservoir, confinement factor, and the length of the EDF. If the reservoir is expressed in the normalized form , frequently called EDF inversion, the gain may be written as (4) Many criteria may be selected to determine the optimal value . The need to achieve minimal gain spread between WDM channels is among the most important. Fig. 3 shows the maximum and minimum gain deviation per meter, with respect to the gain at , for different inversion levels. The evaluation is performed over a band of 8 nm, then 16 nm, centered at nm. From Fig. 3 , it is clear that the minimum spread of gain, and consequently of the output power, is achieved for in our case. This inversion level will minimize the difference between channels required in the preemphasis step. However, this criterion is sufficient for single-stage amplifier only.
2) Determination of the Gain and Length of Each EDF:
To have the same amplifier dynamic behavior throughout the cascade, we require that the output powers of all the amplifiers at the reference wavelength be equal in order to balance the cascade.
For all amplifiers, our aim is to recover the loss due to the attenuation in transmission fibers and couplers (see Fig. 2 ). The gain of the th EDFA at the reference wavelength is determined by those losses, hence (5) By specifying the EDF inversion that gives the minimal interchannel gain spread, and having determined the gain of each amplifier for the reference wavelength, we can now determine the length of individual EDFs by rearranging (4) as follows:
3) Determination of WDM Input Powers Necessary to
Equalize the OSNR at the End of a Cascade: Once these two steps are accomplished, we focus on the calculation of input powers of individual WDM channels at the first amplifier (the output of the preemphasizer) in order to achieve equal OSNR for all the channels at the end of the cascade. OSNR is defined as follows: OSNR
By substituting for and we obtain OSNR (8) where is the power of the ASE generated by the th amplifier at the wavelength . This enables us to determine the input powers of the WDM channels at the first amplifier that yield a constant predefined value of OSNR for all channels at the end of the cascade OSNR (9) 4) Determination of Amplifier Pump Powers: Finally, we are able to determine the pump powers needed to achieve the chosen inversion level. These pump powers give the selected gains for the calculated lengths of EDFs and preemphasis input powers (at the first amplifier of the cascade).
In our approach, when determining the pump powers for each amplifier, we assume that the lasing power is negligible when all WDM channels are present. This assumption is valid because the lasing power dynamically compensates for the flux of dropped channels in such a way that the total input power remains constant.
Our objective is to maintain the steady-state value of the reservoir at all times. By setting in (1), we can determine the pump power of the th EDFA by taking into account the fluxes of all the WDM channels and all the ASE contributions (10) with representing the indexes of the WDM channels, or the ASE frequency bins, respectively.
B. Double-Stage Case
The application of double-stage amplifiers is necessary to achieve low noise operation when medium-and high-channel powers are used. The first stage is designed to provide high gain and low noise, whereas the second stage generates the necessary output power [16] . In our analysis, a second stage means there are two independent inversion levels rather than one. This implies an additional degree of freedom; hence, it requires more constraints in determining a region of operation corresponding to the inversions of the first and second stages, respectively.
In addition, it is necessary to determine the optimal distribution of gain between the two stages (see Fig. 2 ) according to the following equations: in (dB) (11) in (dB) (12) where is the ratio of gain of the first stage to the total gain of the amplifier refereed here as gain distribution.
1) Determination of the Optimal Inversion Levels:
Our aim in the single-stage case was to determine the inversion level able to achieve minimal gain deviation. For the double-stage case, our objective remains the same. However, rather than depending on a single variable, gain deviation has three degrees of freedom, namely, the inversion levels of the two stages and the distribution of gain among them. In other words, for each value of , we can determine the maximum gain deviation profile as a function of the two inversion levels. Fig. 4 shows the maximum gain deviation over a band of 8 nm as a function of different inversion levels in both stages. The calculation has been performed for the case of and for a fixed net EDFA gain of 20 dB. We note that, for the given gain distribution , the minimal gain deviation is achieved along a hyperbolic curve representing the set of best inversion levels for the first and the second stages.
For each , we extract the hyperbolic curve. This allows us to determine the region where the minimum gain deviation is achieved for different as visualized in Fig. 5 . The evolution is performed over a band of 8 nm (solid line) and 16 nm (dashed line), centered at 1550 nm. It is clear that the minimum spread of gain is achieved for in the case of a band of 8 nm. However, for a band of 16 nm, we have . Note that those values do not depend on . The fact that we obtained identical inversion levels in both stages is logical given that we chose the same doping and waveguide characteristics of the EDF for both stages. We expect to obtain different inversions if we choose different characteristics.
In Fig. 6 , we plot the minimum extent of maximum gain deviation along each hyperbolic curve for different values of . This figure represents the gain deviation along each curve in the previous figure. For both the 8-and 16-nm bands, it is clear that there exists a region where the gain deviation curves hit an absolute minimal deviation level that naturally depends on the width of the signal band.
It is important to mention that the suggested method is not the unique approach to reach a flat gain in the double stage. Indeed, it is possible to investigate other methods to determine the optimal inversion levels in both stages. For example, if we choose a high inversion level in the first stage ( ) with a negative slope and a medium inversion level in the second stage with a positive slope, we are able to obtain a flat gain at the end of each double-stage amplifier.
2) Determination of the Optimal Gain Distribution: Once we know the band of the WDM channel, it is possible to determine the best inversion levels of the two stages. The unique parameter that remains undetermined is the optimal gain distribution . The selected value of must guarantee the desired value of NF at the end of the cascade. As indicated in [17] , the NF for one stage can be expressed as NF (13) and is the spontaneous emission factor. In addition, the total NF of one double-stage EDFA is cascadable and can be expressed as
By extrapolation, we can say that the most significant term affecting the total NF over a cascade of several double-stage EDFAs is the NF of the first stage of the first EDFA. This is due to the fact that the contribution of each stage is divided by the product of the gains of the previous stages. Fig. 7 shows the NF at the end of a cascade of six doublestage EDFAs, at wavelength 1550 nm, with for different values of . For instance, if we specify NF dB, we can use any gain distribution larger than 0.64, as indicated by the dashed lines.
Once we have fixed the inversion levels in each stage, as well as the optimal gain distribution, the length of each stage remains to be determined according to (6) . The WDM input powers necessary to equalize the OSNR at the end of the cascade are calculated according to (9) . Finally, we fix the pump powers of each stage according to (10) .
C. Gain-Clamped EDFA Characterization
The presence of the optical feedback loop minimizes the effect of reservoir fluctuation caused by the variation in the input powers of WDM channels. Two significant parameters determine the efficiency of clamping: the lasing wavelength and the value of the optical feedback loop losses.
In general, the lasing wavelength is chosen such that the EDFA exhibits the same gain as at the reference wavelength (which is, generally, nm) because it is highly desirable that the laser power at the input of each EDFA is the same for equally effective clamping of each EDFA. In Fig. 8 , the EDF gain is plotted as a function of wavelength for different inversion levels. We can see that for some inversion levels, the criterion mentioned above yields lasing wavelengths that are too far from the range of WDM channels. Furthermore, in a double-stage architecture, that criterion may not be applicable because each stage may have a different inversion level. Finally, the lasing wavelength may not fall within the pass band of ASE filters. In this condition, we can select a lasing wavelength near the WDM wavelength range and adjust the ring loss needed in the feedback loop.
According to the Barkhausen criterion for steady-state oscillation in an amplifier with a feedback loop, the total gain must be equal to the total feedback loop loss [18] . For a single-stage EDFA, the additional ring loss is determined by in (dB) whereas, for the double-stage amplifier, we have in (dB) (16) Once we fix the laser wavelength and the value of the additional ring loss, we can calculate the maximum excursion of lasing power that occurs when all the WDM channels are dropped (17) with representing the indexes of pump, or the ASE frequency bins, respectively.
V. SIMULATION AND RESULTS
We consider a cascade of six amplifiers with eight WDM channels, placed from 1547 to 1554 nm, with a spacing of 1 nm. All emission and absorption cross sections included in (1) are spectrally resolved in the region from 1450 to 1650 nm, subdivided into bins of nm. The OSNR and NF have been calculated by taking into account the ASE power contained in one bin of our wavelength mesh which represent an optical bandpass filter of full-width at half-maximum (FWHM) nm placed in front of the receiver. The OSNR could be increased by an order of magnitude by selecting the bin width of nm. This would, however, multiply the central processing unit time of our simulations by approximately 10; hence, the 0.39-nm bandpass filter is selected. The interamplifier loss ( or ) is assumed to be 20 dB. For a typical transmission fiber loss of 0.25 dB/km, this represents a distance between neighboring amplifiers of 80 km. We assume that the single-stage amplifier is pumped at 1480 nm. In the case of a double-stage amplifier, the first stage is pumped at 980 nm and the second at 1480 nm. The passband of the ASE filter used in the double-stage architecture ranges from 1543 to 1556 nm, and the insertion loss is assumed to be 0.5 dB.
For the steady-state case with all eight channels present, Fig. 9 depicts the evolution of OSNR along a clamped cascade of 6 single-stage EDFAs with the preemphasized input powers calculated in accordance with our procedure. The parameters of the EDFAs are summarized in Tables I and II , and OSNR is set to 20 dB. Fig. 9 shows that at the end of the cascade, the OSNR is perfectly equalized for all the WDM channels. With preamplified direct detection, a uniform OSNR implies the same bit error rate (BER) performance for all WDM channels, even though the received power differs slightly among WDM channels.
While our design results in equal output OSNR for all WDM channels at steady state (which corresponds to high bit rate modulation of channels, without power discontinuities or bursts), the OSNR will vary in burst-mode operation, as the input power switches between an activity mode (ON burst, during which packets are present back to back) and an inactivity II  INPUT SIGNAL POWERS AT THE INPUT OF CASCADE C (PREEMPHASIS)   TABLE III  EDFA PARAMETERS OF CASCADE D mode (OFF burst, during which the source is idle, and no power is present on the channel).
In our analysis, we consider burst-mode packet data transmission, such as native-mode asynchronous transfer mode, Ethernet, or internet protocol (IP) over WDM. Such traffic has been shown to be self-similar [19] , [20] , i.e., there exists a very high variability in the duration of the ON and OFF bursts on each channel. A self-similar traffic entails a wide variation of the total input power level over time scales comparable to the EDFA chain reaction time. This can result in large variations in the EDFA gain level, output power, and OSNR of the channels, due to the effect of EDFA cross-gain modulation.
To oppose such gain and OSNR variations, we examine the use of all optical gain clamping [13] . To test the effect of the variability of packet interarrival times on the power and OSNR swings, we simulate the dynamic behavior of several cascades. In the feedback loop of the AOGC EDFA, an optical bandpass filter centered at the lasing wavelength of 1545 nm, and having a Gaussian transmittivity and FWHM bandwidth of 0.5 nm, was simulated.
The first EDFA in the chain is clamped by a ring laser configuration, with two couplers 10 : 90 in the input and in the output. The time-varying bursty signals representing traffic from eight WDM channels were randomly generated as eight independent ON-OFF sources, i.e., each as a succession of ON and OFF periods or bursts). The duration of each ON-OFF period is assumed to be a random variable with a rounded Pareto distribution [5] .
The ring configuration at the first EDFA creates a lasing signal that counteracts the fluctuations in the input channel power level, and tends to stabilize the doped fiber inversion level to the steady-state value. Lasing power from the first gain-clamped EDFA is allowed to propagate down the cascade, thus stabilizing to some extent each successive EDFA.
The effect of the bursty packetized traffic has been evaluated statistically. The histograms of the probability density function (PDF) of the OSNR at the end of the cascade has been determined for four different cascades. Tables I and II. • Cascade D: For the double-stage amplifier architecture, except for selecting , we must specify the optimal gain distribution . As an additional objective, we set the NF at the end of the cascade to be less than 5 dB. As displayed in Fig. 7 , this NF can be reached with greater that 0.64. We have chosen in our simulations. The optimal values are in Tables III and IV. The results of the simulation for dynamic behavior in cascade A are shown in Fig. 10 , where the PDF of the OSNR at the output of the first, third, and sixth EDFAs are plotted for all eight WDM channels. In fact, both cascade A and cascade B contain a gain equalizing filter. The profile of this filter is determined at the steady state according to [7] with 0.05 dB gain excursion. We have implemented a static-equalizing filter rather than a dynamic equalization scheme because we are simulating a highly variable traffic and these methods do not have fast enough time responses. The fluctuations of the OSNR grow along the cascade. While the spread of OSNR probability at the level of is less than 1 dB after EDFA 1, it reaches almost 5 dB at the end of the cascade A. We also observe a growing and rather large separation of the mean value of the OSNR for individual WDM channels along the cascade.
The positive effect of clamping the first EDFA in cascade B is demonstrated in Fig. 11 . Although the mean values of OSNR are slightly lower than they were without gain clamping, due to the decrease in gain caused by the propagation of lasing power, the spread of OSNR probability at the level of is less than 1.5 dB at the output of the cascade (in contrast with 5 dB in the unclamped cascade). But there is still a wide difference among the mean values of OSNR between individual WDM channels in the order of 0.75 dB. The results in cascades A and B with gain static equalizing filters are similar to those shown in [21] for a similar cascade without the equalizing filter. This is due to the fact that the filter is determined for one operational point corresponding to the steady state, whereas the large variability of the WDM input channels over time induces a dynamic behavior. Moreover, a dynamic equalization method such as acoustooptic tunable filter [9] or a strain-tunable fiber Bragg grating [10] have a long time response in the order of 20 s to 10 ms.
Equalization of mean values of OSNR at the output of cascades C and D is shown in Fig. 12(a) and (b) , respectively. We can observe that the PDF curves of the eight WDM channels overlap almost perfectly in the case of the double-stage EDFAs, but a difference of 0.2 dB remains in the mean OSNR values of the single-stage configuration (cascade C). Furthermore, the OSNR fluctuations occurring in the cascade of singlestage EDFAs are almost twice as large as those at the end of cascade D, due to the reduction of ASE power. The cascade of double-stage amplifiers ensures perfectly equal quality of service for all eight packetized WDM channels.
At this point, we should mention another important difference between single-and double-stage cascades C and D. As is listed in Tables I and III , while the pump powers of the single-stage architecture grow considerably along cascade C (from 27.6 mW at EDFA 1 to 52.5 mW at EDFA 6), they remain almost constant along the cascade for the double-stage design (cascade D). In addition, for the single-stage design, a 50% higher input power is necessary to reach the same OSNR at the end of the cascade, with respect to the double-stage architecture (see Tables II and  IV) .
VI. CONCLUSION
We have suggested a novel equalizing method which combines signal preemphasis with unequal amplifier parameters to achieve perfect output OSNR equalization at the end of an EDFA cascade without resorting to any internal optical equalization of EDFAs. This technique is suitable for a chain of single-or double-stage EDFAs. This equalizing method is based on a solution of algebraic equations describing propagation of pump, signal, lasing, and ASE fluxes through a cascade of EDFAs over a point-to-point transmission system connecting two distant nodes.
Dynamic behavior of the equalizing method has been tested using a numerical model incorporating time variation effects in an EDFA and including solution of a transcendental equation describing the dynamics of the reservoir. We have investigated the effect of clamping the first amplifier in the cascade-by implementing a ring laser and propagating the lasing power through the cascade-on the statistics of signal-to-noise ratio variation in an eight-channel WDM cascade of six amplifiers. The input traffic on each channel was modeled as a succession of periods of transmission and silence (ON and OFF periods) of packetized data.
We have shown that it is possible to achieve OSNR equalization for a WDM system by the use of preemphasis and a judicious choice of EDFA parameters. More importantly, our equalizing design method ensures that the performance of the WDM channels is statistically equalized even in a dynamic scenario like burst-mode IP over WDM.
The mean value of the OSNR probability density function of the preemphasized and clamped cascade of double-stage amplifiers is identical for all WDM channels. With preamplified direct detection, a uniform OSNR implies the same BER performance for all WDM channels, even though the received power differs slightly among WDM channels.
